Herbal medicines currently represent an important part of the world pharmaceutical market, which shows growing interest in the use of herbal medicines. However, the production of such medicines involves a complex series of steps, which determine the production viability and the quality of the final product. Ximenia americana L. is a plant occurring in several regions of the world, with well-known and applied medicinal properties. Thus, the aim of this work was to develop and evaluate the physical and physical-chemical quality of tablets produced with X. americana L. extract. The extract was spray-dried from a hydroethanolic extractive solution and characterized as to its phytochemical composition. The chemical marker was determined and quantified using validated chromatographic methods. These methods indicated the presence of gallic acid at a concentration of 1.61 mg g -1 . Formulations were proposed and analyzed for their flow and compaction properties. The best formulation was used to obtain a batch of tablets, which was evaluated for its quality characteristics and showed to be within the pharmacopoeial specifications for average weight, hardness, friability, and disintegration time. The dissolution profile of the tablets produced was obtained, showing the release of about 70% of the vegetable extract content within 30 minutes. Results showed that it was possible to obtain herbal tablets containing a high content of vegetal extract by direct compression, developing a rapid process of formulation and production and guaranteeing the quality characteristics of the final product.
Introduction
Ximenia americana L. is a plant found in South America, Central America, Africa, India, and New Zealand, and its medicinal properties have long been known and used by local a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
populations. In the Brazilian semiarid region, traditional medicine designates this plant for the treatment of internal organ inflammation, toothaches, menstrual cramps, and as an antiseptic and an antimicrobial [1, 2, 3] .
Dried plant extracts are used by the pharmaceutical industry as plant active pharmaceutical ingredients (PAFI) for herbal medicines in various dosage forms. However, in order to guarantee the quality characteristics of these extracts, they must be standardized. A method used for standardization is the qualitative and quantitative determination of one or more compounds of the PAFI, which are called chemical markers. Information on the presence and quantity of these compounds in the PAFI allows the establishment of important parameters of quality control for herbal medicines [4, 5] .
Tablets are solid pharmaceutical forms, obtained through the aggregation of powders by applying pressure. The direct compression method is considered the most efficient for the production of herbal tablets, because it involves fewer processing steps and therefore less cost and time. However, this type of active pharmaceutical ingredient usually has unsatisfactory flow, compressibility, and hygroscopicity characteristics [6] . An adequate study of pharmaceutical adjuvants is necessary in order to ensure suitable technologic properties for formulation compression.
Evaluation of the tablets' quality is essential in ensuring the use of the medicinal product under conditions that guarantee the safety, therapeutic efficacy, and quality of the product throughout the valid time; therefore, physical and chemical methods must be taken into account [7] .
Thus, the aim of this work was to develop and evaluate the physical and physical-chemical quality of tablets produced with X. americana L. extract.
Material and methods

Ethics statement
The plant was collected and no specific permits were required. This access was registered in the National System of Genetic Heritage and Associated Traditional Knowledge (SISGEN) under the number AFD885A. The location where the plant was collected was not privatelyowned or protected in any way and did not involve endangered or protected species.
All data were obtained by the authors, and are accessible for all in the same manner as the authors, without special access privileges. The data don't contain potentially identifying or sensitive information.
Obtaining the X. americana extract
Ximenia americana L. bark was collected in the semi-arid region of the Paraíba state (7˚08'33.8" S; 36˚06'2 1.1" W) in Brazil. The voucher specimen was prepared and identified at the Professor Jayme Coelho de Morais herbarium (PRU), Federal University of Paraiba, under the number EAN-100493. The collected plant material was dried in a forced ventilation oven at 40˚C and pulverized in a knife mill with particle size of about 10 mesh. Two hundred grams of the plant drug were then subjected to extraction by cold maceration in 1000 mL of a hydroethanolic solution (70% v/v) for five days. The extractive solution was nebulized in a spray dryer, with inlet temperature of 120˚C and outlet temperature between 90 and 95˚C, under solution flow of 3.0 mL min
Fingerprint of the X. americana
The extract was evaluated for its phytochemical composition. Polyphenols and total flavonoids were quantified by spectrophotometry in the UV-visible region, following the methods described by Chaves et al. [8] ; condensed tannins were quantified using the method described by Makkar and Becker [9] . The tests were performed using a Shimadzu UVmini-1240 spectrophotometer.
The chemical marker of the extract was determined using a high performance liquid chromatograph (HPLC) (Dionex) coupled to a diode array detector (DAD), with scanning in the UV-visible region. The chemical marker was quantified using a high performance liquid chromatograph (HPLC) (Shimadzu) coupled to a simple UV-visible detector, monitoring the wavelength of 270 nm.
For both determination and quantification, a Gemini NX C18 (Phenomenex) (250 mm x 4.6 mm, 5 μm) chromatographic column was used at 30˚C. The mobile phase consisted of a mixture of acetic acid at 0.1% (v/v) (A) and methanol (B) in an elution system, according to the following sequence: 0-3 minutes-10% B isocratic; 3-10 minutes-gradient up to 12% B; 10-12 min-gradient up to 90% B; 12-17 minutes-90% B isocratic; 17-20 minutes-10% B isocratic. The samples were pre-dissolved in a methanol solution (50% v/v) for analysis.
The chromatographic method was validated by analysis of the following parameters: specificity, linearity, repeatability, intermediate precision, accuracy, and detection and quantification limits [10] .
Specificity. Specificity of the separation method was evaluated in the HPLC-DAD analyses. The analysis was performed by comparing the retention times of the extract chromatographic peaks with those of chromatographic standards (Sigma-Aldrich), and by determining the chromatographic peak purity via comparing the UV-Vis spectra at 50 and 100% of peak height. Specificity assessment also took into account the possible interference of pharmaceutical excipients in the separation method.
Linearity. The method linearity was analyzed by standard addition, constructing calibration curves of the extract at a fixed concentration (5.00 mg mL -1 ) and adding increasing concentrations of the chromatographic standard. The calibration curves were analyzed by evaluation of four parameters-determination coefficient (R 2 ), residue analysis, lack of fit test, and regression significance test-using F values for 5% significance.
Repeatability and intermediate precision. Repeatability was evaluated by analyzing extract solutions (5.00 mg mL -1 ), with increasing concentrations of standard, at three concentration levels: low, medium, and high (2.5, 15.0, and 25.0 μg mL -1 , respectively), in the presence and the absence of the formulation excipient matrix. For the intermediate precision evaluation, these samples were analyzed on three different days. All samples were analyzed in triplicate.
Accuracy. Accuracy was evaluated by comparing the chemical marker concentrations determined in extract solutions at three concentration levels (2.5, 15.0, and 25.0 μg mL -1 ) with their theoric concentration values.
Detection and quantification limits. The detection and quantification limits were determined from the standard deviation of the chromatogram baseline noise.
Formulation development
Preformulation studies. The tablet was developed after the compatibility study between the extract of X. americana (AMCA) and pharmaceutical excipients, as described by Santana et al. [11] . Binary mixtures were prepared from physical mixtures of the extract with the following pharmaceutical excipients: corn starch, lactose, microcrystalline cellulose PH 101 and 102, magnesium stearate, polyvinyl pyrrolidone K-30 (PVP K-30), talc, colloidal silicon dioxide, sodium starch glycolate, pregelatinized starch, and sodium croscarmellose.
Repose angle determination. The static repose angle was determined based on the fixed height of a glass funnel. Ten grams of the tablet formulation powder were passed through the funnel so as to form a cone on a millimeter paper. The tangent of the angle of repose was calculated by the ratio tgα = H/R, where α is the angle of repose, H is the height, and R is the radius of the cone. The results were calculated by the average of five determinations. The flow time was measured in seconds and was also determined by the average of five measurements.
Determination of bulk and compaction densities, Hausner ratio, Carr index, and densification index. For the evaluation of the titular parameters, 10 g samples of the formulation (m) were used. The samples were poured into a graduated cylinder, which determined the bulk volume (BV). The cylinder was then subjected to 10, 500, and 1250 sequential falls, determining the volumes V 10 , V 500 , and V 1250 , respectively. The test was continued in sequences of 1250 falls until the difference between two subsequent readings was less than or equal to 0.1 mL, which was considered the compression volume (CV). The test was performed fivefold. The data obtained made possible the calculations of the bulk density (BD), compaction density (CD), Hausner ratio (HR), Carr index (CI), and densification index (DI):
Development and standardization of X. americana tablets. The compatibility study carried out previously, and the tests described above, allowed for the choice of a formulation that was directly compressed using a compressor (Lemaq Monopress LM-1). A batch of 100 tablets of about 300 mg was obtained and evaluated for its quality parameters by means of testing average weight, hardness, friability, and disintegration time, according to the methodology described in The United States Pharmacopoeia [12] .
To evaluate the extract content uniformity, five tablets were dissolved in a 50% (v/v) methanol solution; the corresponding chemical marker content for the extract was determined by HPLC, according to the methodology described in section 2.2. The results were compared with the expected extract content that would be present in the tablets after a standardized production process.
Determination of the X. americana tablets dissolution profile
Development of the quantification method. In order to provide a simple, fast, and lowcost method for extract quantification in the tablets, a spectrophotometric quantification method in the UV-visible region was developed for the dissolution profile study of the tablets. Solutions of the extract, dissolved in phosphate buffer solution (pH = 6.8), were analyzed. The spectrophotometric scans were performed in a Lambda 950 spectrophotometer (Perkin Elmer), between the wavelengths of 1100-190 nm.
The quantification method was validated by analyzing the following parameters: specificity, linearity, repeatability, intermediate precision, accuracy, detection and quantification limits, and robustness [10] Specificity. Specificity of the quantification method was determined by analyzing the influence of the formulation of pharmaceutical excipients on the extract absorption bands. For this parameter, spectrophotometric readings of the extract, excipient matrix, and tablet formulation solutions were performed in the UV-visible region and were evaluated for the occurrence of band displacements or overlaps.
Linearity. Method linearity was analyzed by constructing calibration curves of the extract in increasing concentrations. Three calibration curves were analyzed for the determination coefficients (R 2 ), residues distribution, lack of fit test, and regression significance test, using F values for 5% significance.
Repeatability and intermediate precision. The repeatability was evaluated by analyzing solutions of the extract at three different concentration levels: low, medium, and high (50, 175, and 300 μg mL -1 , respectively). For the intermediate precision, these samples were analyzed on three different days. All samples were analyzed in triplicate.
Accuracy. Accuracy was evaluated by comparing the concentrations determined in extract solutions at three different concentration levels (50, 175, and 300 μg mL Detection and quantification limits. Detection and quantification limits were determined from the standard deviation of the spectrum baseline noise.
Robustness. The robustness was determined by applying deliberate changes in analysis conditions (different analysts and reading temperatures of the samples).
Determination of the dissolution profile. A dissolution equipment model 299 (Ethik Technology) was used. Six tablets were dissolved in 900 ml of phosphate buffer solution (pH 6.8), using the paddle apparatus at 37˚C and rotation of 75 rpm. During the dissolution test, 3 mL aliquots were taken at 5, 10, 15, 20, 25, 30, 45, and 60 minutes. These were subjected to spectrophotometric reading, using the quantification method developed. The robustness of the dissolution method was analyzed by deliberate variations in the test conditions; these variations were in the agitation and in the medium temperature.
Results and discussion
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Among the chromatographic standards used, gallic acid was the one which corresponded with peak retention time. The gallic acid from the extract was successfully separated by the chromatographic method and presented at the retention time of 6.90 min. The other secondary metabolites were detected at retention times above 12.50 min. These were co-eluted, probably due to the increased methanol concentration in the mobile phase; increased concentration can carry hydrophilic substances such as polyphenols, flavonoids, and tannins, which are present in the extract, according to the quantifications and results presented in Table 1 . The chromatograms of the extract and gallic acid are compared in Fig 1A.  Fig 1B also shows the specificity analysis of the chromatographic peak for gallic acid present in the extract. Three UV-Vis spectra of the medium and the maximum peak height value, respectively, were compared, and their calculated similarity was 98.90% (Table 2 ). This result shows high similarity of spectra, indicating high separation efficiency. It was found that the excipient matrix in the tablet formulation does not interfere in the separation of gallic acid, since co-elution of other substances does not occur and gallic acid is detected at the same retention time. Therefore, this separation method was considered effective for the chemical marker quantification of the extract (Fig 2) .
For the gallic acid quantification method, a linear calibration model was established by applying standard addition at increasing concentrations in the extract solutions. As shown in Fig 3 , the calibration curve was linear between the addition concentrations of 0 to 30 μg mL -1 . As a chemical marker, this substance was taken into account as a parameter for quality control, to calculate the final amount of the vegetal extract in the finished tablets [4] .
The results obtained for repeatability and intermediate precision show that the gallic acid quantification method gives concordant results, even in the presence of pharmaceutical excipients. This information is important, since these compounds are often interfering elements and should be considered in the analysis of pharmaceutical formulations in the industry [13] . The coefficients of variation (CV%) found were all below 10%, as shown in Table 2 . For these parameters, these values indicate a satisfactory accuracy degree, according to studies carried out by Kumar et al. [14] and Kartini [15] ; the values may be associated with the complexity of the matrix in which the chemical marker was quantified, which includes a wide variety of phytochemical compounds and pharmaceutical excipients. Gallic acid equivalent (GAE), 2 Quercetin equivalent (QE), 3 Catechin equivalent (CE).
https://doi.org/10.1371/journal.pone.0197323.t001 Accuracy analysis was performed using three concentrations (2.50, 15.00, and 25.00 μg mL -1 ) of the standard, added to extract solutions at 5.00 mg mL -1 , in order to consider the entire range of calibration curve.
The results of the intra-day and inter-day accuracy analysis, presented in Table 2 , ranged from 86.25 to 110.01%, which is within the RDC-recommended 899/2003 of ANVISA [16] -a variation lower than 15%-and can be considered acceptable for the quantification of chemical markers in plants.
The detection and quantification limits, calculated from the standard deviation of the chromatogram baseline, are presented in Table 2 ; these are 0.03 and 0.10 μg mL -1 , respectively. Table 3 , were produced by using the excipients that showed compatibility with the dry extract; these were analyzed in the development studies, in order to choose the one most suitable for compression. The extract was also analyzed without excipients.
Formulation development. Three formulations, presented in
As expected, the extract showed undesirable flow properties [6] (Table 4) , which may be due to its amorphous and hygroscopic characteristics (the dry extract presented a moisture content of 7.91% [11] ), even in the presence of a drying adjuvant. This shows the need to incorporate lubricants and glidants into the formulation, in order to make the plant extract suitable for the direct compression method.
Formulations 1, 2, and 3 presented excellent repose angles (Table 4) , all below 25˚(excellent flow), which demonstrated the improvement in flow characteristics with the added excipients. However, the flow times were shorter, with low concentrations of polymers, as in formulation 3.
Indirect techniques for determining the technological properties of powders include the Hausner ratio and the Carr index; these are also taken into account in solid formulation studies [17] . However, the results obtained for these coefficients indicated intermediate properties for all the samples (Table 4) . Hausner ratio (HR) is an indirect measure of the powder flow ease; according to its classification, the analyzed powders had poor (AMCA and formulation 3) and moderately good (formulations 1 and 2) flow properties, which conflicts with the information given by the repose angle test [18] .
The Carr index (CI) indirectly measures the suitability of a powder for compression, regarding its interparticular interactions [19] . The results classify the formulations powders as very, very poor (AMCA), reasonable (formulation 1), poor (formulation 2), and very poor (formulation 3). These results are probably related to the cohesion degree between the polymer particles in the densification process.
With the reduction in the PVP K-30 and sodium croscarmellose concentrations from formulation 1 to formulation 3, the densification index is increased (Table 4) , which shows that the formulation exhibits greater particle reorganization property. This property allows it to form more compact, uniform, and resistant tablets after compression. Therefore, formulation 3 was chosen as the most suitable for direct compression, according to the direct flow measures.
Development and standardization of X. americana tablets
Thirty tablets were taken for the average weight determination, comprising the entire compression process. The measurements are shown in Fig 4. The calculated average weight of the tablets was equal to 302.20 mg (Table 5) , with measurements varying from 283.40 to 313.80 mg. This first value is below the 5% deviation limit, which is recommended by The United States Pharmacopeia [12] ; however, since only one measurement was below the limit, the result of the average weight determination was considered satisfactory, with a good distribution of the formulation in each compression cycle. This also indicates that desirable flow properties were obtained in formulation 03.
The produced tablets had an average hardness of 45.15 N (Table 5 ). Afifi and Ahmadeen [19] point out that the minimum hardness to ensure the physical stability of tablets is 40.00 N, which shows that the obtained batch fulfills the specification for hardness. In addition, the friability calculated for the tablets was equal to 0.34% (Table 5) , which is also in accordance with the maximum limit of 1.50% that is recommended by the The United States Pharmacopeia [12] .
The mean disintegration time for the analyzed tablets was equal to 06 min 08 s (Table 5) , for the purified water medium at 37˚C. This disintegration time is desirable for providing the beginning of the dissolution process over a short range of time. The The United States Pharmacopeia [12] recommends that the maximum disintegration time of immediate-release tablets is 30 min.
The extract content determined in the tablets by chromatographic method (Table 6 ) varied between 92.78 and 99.35%, with a variation of less than 10%, which can be considered a discrete content variation [12] .
Determination of the X. americana tablets dissolution profile
The spectrophotometric scanning of the extract presented an absorbance band in the UV region, with a peak at 276 nm (Fig 5A) . This wavelength was taken as reference for the spectrophotometric extract quantification.
Fig 5B also presents the specificity analysis of the spectrophotometric quantification method. It was observed that the absorbance band with peak at 276 nm is not influenced by the presence of the tablet excipient matrix, and that it, in turn, does not present absorbance in that region. Thus, it can be affirmed that the developed method is specific and can be used to detect the extract in the UV region. The spectra obtained in this range (Fig 6) showed quantitative differentiation of extract concentration; consequently, calibration curves were obtained with satisfactory linear adjustment, with a determination coefficient equal to 0.9956. The other data concerning the method linearity are shown in Table 7 . Table 7 also shows data on repeatability, intermediate precision, and accuracy of the method. For the first two, the variation coefficient results (less than 10%) and the accuracy results (variation lower than 15%) indicate a high efficiency of the method. This was able to quantify the concentration of the extract without need for sample pre-processing, and to provide concordant results on every day of analysis [14, 15] .
The detection and quantification limits (Table 7) obtained for the wavelength 276 nm were considered satisfactory, since they correspond to concentrations below the linear calibration model. These results indicate that the characteristic baseline noise of this equipment does not interfere in determining solutions at the concentrations within the curve. The method was considered robust against the analyst variation applied to the test, showing variations smaller than 15% (Table 7) in the reading of the prepared samples in all three levels analyzed. However, the variation of the sample reading temperature was shown to be an interference parameter for this method, with variations higher than 15% at temperatures of 30 and 40˚C at the medium and high levels of analysis (Table 7) . This variation may be due to the possible degradation of thermosensitive components of the extract, which may occur with increasing temperature; it may also be due to changes in the ionization profile of the polyphenolic compounds present, which can cause changes in the absorption intensity or band displacements in the UV region.
The average dissolution profiles obtained for the evaluated tablets-with their minimum and maximum variation-are shown in Fig 7. In the profile region between zero and 30 minutes, a phase of rapid dissolution is observed in which the concentrations vary from 33.23% at 10 min to a maximum of 86.00% at 25 min.
The significant fraction dissolved in the first point of the profile, and the rapid dissolution up to the time of 25 min, are probably related to the presence of croscarmellose sodium in the formulation, which provides a rapid disintegration of the tablet and thereby initiates the process of dissolution, rapidly and uniformly, throughout the tablet [20] .
At 5 min, the presence of the extract dissolved in the medium was not detected in any of the analyzed tablets. This finding is related to the time required for the beginning of the disintegration process of the tablet-which in all samples was greater than 5 and less than 10 min-and corroborates with the result found in the disintegration time test. During the first 5 min, the tablet is probably still in the water-absorption phase from the medium by the disintegrant, an influx of solvent required for disintegration to occur. After this step, the disintegration process occurs rapidly.
After the time of 25 min, the average dissolution profile shows a drop in the dissolved fraction, from 86.00 to 69.48% in 30 min, and then stabilizes between 64.27 and 66.84% at 45 min. This behavior is usually uncommon in dissolution studies; it indicates the possible formation of a supersaturated extract system in the dissolution medium at the time of 25 min, with subsequent precipitation of the dissolved excess at this time, which causes the drop in the dissolved fraction observed at 30 min.
The formation of supersaturated systems during tablet dissolution is reported in the literature mainly for amorphous APIs (as is the case of X. americana extract), due to its high solubility and due to the absence of a crystalline structure in its particles. The dissolution is accelerated both by the presence of a "superdisintegrant" like croscarmellose, as well as by the presence of PVP K-30 as a binder in the formulation [21] .
PVP K-30, dispersed in the dissolution medium, would have the ability to aggregate dissolved compounds of the extract through interactions mediated by electrostatic attractions. The formation of these soluble complexes in the medium would favor the extract dissolution in greater extent, until the formation of a supersaturated system. PVP is also reported to have the property of increasing the dissolved fraction that stabilizes in the medium after precipitation of excess API [22, 23] . This indicates that subsequent changes in the proportion of PVP K-30 in the formulation could be made, in order to increase the dissolved fraction of the extract after the time of 30 min.
A robustness evaluation of the dissolution method was performed, and the results are presented in Table 8 . The data show that the variation in the medium temperature to 32˚C did not affect the dissolution profile of the tablets; however, the increase in temperature to 42˚C provided a significant increase in the fraction dissolved in the first 20 minutes of the assay. The increase in temperature was thus considered a critical factor of variation in the assay, probably related to its influence on tablet disintegration.
Changes in rotation to both 50 and 100 rpm were shown to be variation factors in the test up to 20 min. This variation is probably related to changes in the mechanical force that intensifies the disintegration process of the tablet.
Conclusion
The study developed a high-content tablet formulation from X. americana extract, which was suitable for production by direct compression. For this procedure, the use of adjuvants was fundamental in improving the extract's flow properties.
The dissolution profile of the tablets presented the possibility of forming a supersaturated system during the dissolution test. This phenomenon, although unusual in studies of this nature, relates to the solid state properties of the extract and to the composition of the formulation itself.
The determination and quantification of the chemical marker in the extract were an important step in development, not only to provide knowledge of its composition, but mainly to provide an important quality parameter of the finished product, which is fundamental to guaranteeing the therapeutic efficacy of the product. 
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